Cadmium Zine Telluride (CZT) has been extensively studied as a room temperature semiconductor gamma radiation detector. CZT continues to show promise as a bulk and pixelated gamma spectrometer with less than one percent energy resolution; however the fabrication costs are high. Improved yields of high quality, large CZT spectroscopy grade crystals must be achieved. CZT is grown by the Traveling Heater Method (THM) with a Te overpressure to account for vaporization losses. This procedure creates Te rich zones. During growth, boules will often cleave limiting the number of harvestable crystals. As a result, crystal growth parameter optimization was evaluated by modeling the heat flow within the system. Interestingly, Cadmium Telluride (CdTe) is used as a thermal conductivity surrogate in the absence of a thorough study of the CZT thermal properties. The current study has measured the thermal conductivity of CZT pressed powders with varying Te concentrations from 50-100% over 25-800°C to understand the variation in this parameter from CdTe. Cd 0.9 Zn 0.1 Te 1.0 is the base CZT (designated 50%). CZT exhibits a thermal conductivity of nearly 1 W/mK, an order of magnitude greater than CdTe. Further, the thermal conductivity decreased with increasing Te concentration.
inclusions within the crystal, which causes stress locations and deflections of electronic field, are present. Te inclusions within CZT lower the collection efficiency by trapping charges from the electron cloud, rendering low electron collection within a given time frame, also known as the polarization effect. 3 Expansion of material during heating can also cause stress and lead to cracks in the solidified crystal. Again, this is due to differing thermal expansion parameters among the constituents. Modeling of the crystal growth process is required to better understand and control the process. Understanding stresses and heat movement can help prevent these deformities. Attempting to improve crystal growth experimentally by altering the percentage of Zn and doping concentrations, varying the width of the temperature zone, and differing the speeds of growth is tremendously time consuming and costly, thus using a computational model of the growth is much more cost efficient 4 .
In the present work, thermal properties of CZT in varying Te excess have been measured over a wide temperature range. The thermal conductivity can be obtained and used as data for computer modelers to simulate CZT crystal growth conditions. Modeling efforts use thermal conductivity as an input parameter to simulate heat flows during crystal growth. Current computational models use CdTe thermal conductivity data in place of CZT data values since there is a lack of thermal conductivity data for CZT as compared to CdTe. Some of the main issues inherent to CZT are due to the properties of cadmium telluride CdTe. 4 The reasoning for a greater extent of data on CdTe is due to the vast use of CdTe and the lack of grain boundaries within the material. Thermal conductivity for CdTe is lower than that of CdZnTe, and denotes that CdTe is not efficient or accurate for modeling the growth of CZT.
2) EXPERIMENTAL METHOD

2.1) Sample preparation
CZT is grown, fabricated, and processed from a melt into a solid crystalline material. The materials used in this experiment were provided by FLIR, who is supplied by 5N+. In this experiment, we used CZT in the form of a polycrystalline solid. A polycrystalline solid is composed of numerous crystallites with randomly directed orientations and different sizes, and there are grain boundaries between the grains. 5 In single crystals, there is long range order; a perfect continuous lattice structure. 6 The crystal is crushed into a fine powder using a mortar and pestle. The material is specifically weighed out to the desired molar and mass percentage, depending on the excess amount of Te desired for the addition to the pressed pellets. An evacuable pellet die is then assembled and closed after the ground powder is poured inside of it. Once closed, the die is placed on a press, and the powder is compressed into a pellet at pressures ranging from 10,000 psi to 15,000 psi. The pressure is slowly released to insure that the pellet does not crack or deform, and it is weighed once again to determine if it has reached its nominal density. The final nominal density depends on the desired mass and molar percentage. Once the polycrystalline pellet has been pressed into form with no visible cracks or deformities the final nominal density is recorded. Before any of the measurements (TC and CTE), the pellets are pressed first and then they are annealed at 400 0 C in an Ar atmosphere for four hours. This allows for an accurate, consistent data collection during the experiments so that the pellets do not anneal while measurements are being performed. Annealing the polycrystalline pellets allows for easier phonon transfer throughout the material. For this experiment the measurements are taken on a few samples which have differing ratios of Cd to Zn to Te. The percentage of these ratios are given from the range of 50% Te (with 50% CZT) to 100% Te and the percentages are with respect to the excess Te added to each sample. This is done to obtain an improved set of data on the thermal properties of the material with respect to the effect of Te.
2.2) Thermal conductivity
The thermal conductivity measurements taken for the CdZnTe thermal properties experiments were done using innovative techniques. As seen in Figure 1 , the novel thermal conductivity measurements are executed using two polycrystalline pellets. A Nickel coil sensor is surrounded by an insulating material. Attached to this sensor are four leads: two of the leads are used for measuring and sensing the voltage drop, and the other two leads supply the heating current. Larger samples work best for this system as the calculation model assumes there is infinite temperature transfer area. The probing depth is an estimation of the thermal penetration depth during the transient recording. Average sample sizes for the thermal conductivity measurements conducted for these experiments are roughly 25 mm in diameter and 5 mm in thickness. This thickness and diameter directly associate to the probing depth chosen for each measurement. The power input for each experiment is chosen to give a temperature increase of 0.4K to 4K. For each new material, the power was initially set at 0.01 W and slowly increased assuming a linear correlation. The system is placed within a glass tube furnace. The entire system is then heated and allowed to reach thermal equilibrium at a desired temperature.
Figure 1: Representation of Thermal Conductivity System
The thermal conductivity is taken at repeated measurements at each step during the ramp to allow for precision within the results. The sensor detects the rate at which the heat moves away from the sensor, and the temperature increase of the sensor. Thermal conductivity is the proportionality constant between the heat flux and the temperature gradient, and a parameter characterizing the ability of a material to conduct heat. 6 Thermal conductivity is determined by measuring the current of heat moving through the sample at the given temperature. Measuring the thermal conductivity in polycrystalline and ceramic semiconductors offers a great deal of information with which we can study the impact of nanostructures and impurities/alloy's on the growth process. 5 Thermal conductivity can be defined as seen in equation 1.
Here, is the heat flow rate vector across a unit cross section perpendicular to and is the absolute temperature. 7 Calculations are usually based analyzing the microscopic processes that govern the heat conduction by carriers and lattice waves given by the equation 2.
3.3) Coefficient of thermal expansion
To accurately measure the expansion of a sample with respect to temperature a TMA Q 400 series thermal properties analyzer was utilized. This thermal mechanical analyzer was used to measure the linear coefficient of thermal expansion. Before any experimental analysis is performed the machine is calibrated and the sample probe length is zeroed. This is done between each individual experiment to allow for accurate measurements of each sample. In the sample chamber there is a cover gas of argon introduced at a low flow rate continuously throughout the experiment. The sample is placed in the center on a sample stage, and a probe is lowered onto the sample to measure the expansion of the sample. An initial measurement is taken to ensure a starting dimension for the size of the sample based on the standard proportions of the sample at room temperature (~23°C). The furnace is then lowered to encompass the sample, and the initial dimension size of the sample is measured again in the event that the sample was jostled during the movement. The probe is extremely sensitive and can detect small tremors such as someone opening a door to a room, or someone bumping into the table with which the TMA lies. The program on the TMA is set to heat the furnace up at 5°/min from 25°C to 400°C. The sample is held at this temperature for 5 minutes to allow for equilibrium, and then the temperature is ramped down by 5 0 /min from 400°C to 25°C. Once the sample is completely cooled to room temperature, the furnace can be raised and the sample may be removed. The data from the TMA Q 400 is given in dimension change (µm) with respect to temperature (°C). The TMA analysis software allows for the calculation of the coefficient of thermal expansion (α) of a sample.
3) RESULTS AND DISCUSSION
3.1) Thermal Conductivity
Thermal conductivity typically decreases with respect to temperature in crystalline semiconductors. Heat moves differently throughout a sample of CdTe than through CdZnTe which Figure 2 illustrates why using CdTe is not the best model for growth processes. In this graph CdTe, In-doped Cd 0.8 Zn 0.2 Te, and Cd 0.8 Zn 0.2 Te are crystalline solids whereas Cd 0.9 Zn 0.1 Te is a polycrystalline solid. The graph shows that the thermal conductivity decreases until the inflection point around 300
°C , where the curve reaches a minimum and then slightly increases with temperature. Vibrational frequency increases with temperature, which corresponds to the decreasing thermal conductivity of the material. Around 300 °C is where Te bonds begin to weaken due its low melting point, as shown by the minimum in the thermal conductivity. As the Te begins moving within the material the thermal conductivity begins to increase at an amplified rate. As the Te moves throughout the material it carries energy, or heat, with it out of the material. The thermal conductivity of 100 % Te is K= 0.888 W/mK. When the CdZnTe is doped with excess Te, as in the example of 50% CZT and 50% Te the thermal conductivity is K= 1.29 W/mK. The bonds within the CZT and excess Te increase the thermal conductivity as opposed to the samples of pure Te and pure CZT.
Increasing the concentration of Te decreases the thermal conductivity slightly but shows a similar trend overall of the thermal conductivity with respect to temperature. Due to the low melting point of Te, these experiments did not exceed its melting point since the total concentration of Te increased. As seen in Figure 2 , there is a clear order of magnitude of difference in thermal conductivity between CdTe and CZT. Likewise, a similar difference can be distinguished from 100% Te and 50% Te pressed pellets as illustrated in Figure 3 . The same trend occurs in the polycrystalline that occurs in the single crystal from room temperature to 400°C. There is some degree of difference in the thermal conductivities between the polycrystalline solids and crystalline solids due to a difference in density. Since the polycrystalline solid would be less dense there is a higher possibility of Argon purge gas altering the thermal conductivity of the material. However, the polycrystalline solids still follow the same trending pattern of decreasing and increasing thermal conductivity that the crystalline solids exhibit. 
3.2) Coefficient of Thermal Expansion
The linear coefficient of thermal expansion (CTE) is measured using a TA instruments Q 400 thermal mechanical analyzer in the z-direction with respect to temperature. Figure 4 shows a typical plot as the temperature is ramped linearly from room temperature and back. A fit can be applied to the data to find the linear coefficient of expansion parameter, α, for the sample over the complete temperature range of the measurements taken. The α data for all of the samples is found in Table 1 . As seen in Figure 5 the dimension change with respect to time has a linear trend during both heating and cooling of the sample. This denotes that the sample is structurally stable through both stages of the measurement process. At 60% Te there were no chemical changes the temperature increased to 420°C. Due to the linearity of the data collected a coefficient of thermal expansion value can be applied, and is recorded for each sample in Figure 4 . 
4) CONCLUSIONS
There is an order of magnitude difference between CZT and CdTe. It is evident from the thermal conductivity results Te concentrations can indeed cause substantial variations in the polycrystalline material. Polycrystalline and crystalline solid trends were also similar rendering it safe to assume that it is possible these same results would be found in thermal conductivity measurements of varying Te concentrations in single crystals. From room temperature to 420°C the thermal conductivity decreases in each pellet or crystal exhibited in this paper. Despite there being a difference in density, the polycrystalline solid is very resourceful in extrapolating thermal data comparable to that of existing data on single crystals. From the resulting data it can be concluded that computational modelers will benefit more from CZT values of thermal conductivity with respect to crystal growth. Other thermal analysis experimentation such as TGA, specific heat, and thermal conductivity of crystals will be useful in further experiments. Crystal growth scientists can now take into consideration the effect increasing Te concentration has on thermal conductivity. 
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